By 2030, the global incidence of cancer is expected to increase by approximately 50%. However, most conventional therapies still lack cancer selectivity, which can have severe unintended side effects on healthy body tissue. Despite being an unconventional and contentious therapy, the last two decades have seen a significant renaissance of bacterium-mediated cancer therapy (BMCT). Although promising, most present-day therapeutic bacterial candidates have not shown satisfactory efficacy, effectiveness, or safety. Furthermore, therapeutic bacterial candidates are available to only a few of the approximately 200 existing cancer types. Excitingly, the recent surge in BMCT has piqued the interest of non-BMCT microbiologists. To help advance these interests, in this paper we reviewed important aspects of cancer, present-day cancer treatments, and historical aspects of BMCT. Here, we provided a four-step framework that can be used in screening and identifying bacteria with cancer therapeutic potential, including those that are uncultivable. Systematic methodologies such as the ones suggested here could prove valuable to new BMCT researchers, including experienced non-BMCT researchers in possession of extensive knowledge and resources of bacterial genomics. Lastly, our analyses highlight the need to establish and standardize quantitative methods that can be used to identify and compare bacteria with important cancer therapeutic traits.
Introduction
Cancer is a group of diseases caused by disproportionately dividing cells that grow into invasive lumpy masses, commonly referred to as tumors. Approximately 200 human cancers are currently recognised by the National Cancer Institute (http://www.cancer.gov/types/). Some cancers are capable of spreading from their tissue of origin to distant body parts in a process called metastasis. Despite their metastatic ability, cancers are mainly categorized based on their tissue and/or organ of origin. For example, cancers that begin in tissues that line or cover body organs are known as carcinomas. Sarcomas, melanomas, lymphomas, and leukemias are other well-known examples of cancers. It is worth noting that not all cancers are tumorous, for example, blood cancers such as leukemia, lymphoma, and multiple myeloma are known to be non-solid cancers. In addition to pathologically categorizing cancers based on their tissues or organs of origin, molecular taxonomies based on recurrent genetic and epigenetic alterations in human tissue have been suggested. (1) Regardless of the cancer type in question, cancers can indeed have devastating effects on affected and surrounding body organs and are thus deemed a global public health issue.
It is estimated that approximately 18.1 million
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International Publisher new cancer cases occurred globally in 2018, with 92.8% of these cases occurring in Asia, Europe and the Americas. Of these 18.1 million cases, an estimated 6.56 million individuals were newly diagnosed with lung, breast, colorectal, or prostate cancer. (2) An estimated 9.6 million individuals died from cancer in 2018, with approximately 5.5 million of these deaths solely occurring in Asia. It is estimated that lung, liver and stomach cancer were the most fatal cancers, jointly leading to approximately 3.33 million deaths. (2) Other cancers of note estimated to have caused significant global mortality in 2018 are breast and colorectal cancers. They jointly caused a total of about 1.18 million deaths. When compared to their counterparts in developing regions, the cumulative risk of dying from cancer was 7.55% higher in men in developed regions. However, there was no notable difference in the estimated cumulative risk of dying from cancer between women in developing and developed regions. (2) Overall, cancer mortality and incidence trends in 2018 were shown to substantially vary at country and regional levels. (2) Similar to global cancer mortality and incidence trends, cancer risk factors can often vary by region and country. A wide range of factors including genetic background, age, smoking, alcohol consumption, body weight, diet, exposure to pollutants, and microbial infection have been linked to the risk of developing certain cancer types. Of these risk factors, carcinogenic microbial infection stands out. Together, infectious microbial agents were responsible for causing 2.2 million new cancer cases in 2012. (3) Interestingly, the link between microbial infection and cancer was hypothesized and investigated as early as the nineteenth century. (4) Today, approximately 16% of the global cancer burden is attributed to microbial infections. (3, 5) Curiously, not only can bacteria and other microbes enhance the risk of getting cancer but they can also enhance its treatment. (6) In fact, infection mediated cancer therapy is an age-old therapy that pre-dates the seventeenth century discovery of microorganisms and can be traced to as early as 2600 BC. (7, 8) Aside from infection mediated cancer therapy, several therapeutic options are currently available to cancer patients. These therapeutic options can vary greatly based on a host of factors, including the locations of the cancer, its size, and the patient's health status. Together, cancer therapies can be broadly classified into two main types: systemic and localised therapies. In cases of metastasized cancers, systemic therapies are often the treatment of choice. Systemic therapies refer to treatments that target the entire body through the bloodstream. Three well-known examples of systemic therapies include chemo-, hormone-, and immuno-therapy. Like everything else, each of these therapies has its advantages and limitations. Generally speaking, one of the main advantages in using systemic therapies is that resection can at times be avoided. On the other hand, systemic therapies can often have unintended consequences on healthy tissues and organs. Furthermore, these treatments rely mostly on blood circulation and could have limited effectiveness in quiescent tumor regions with limited vascularizetion. (9) Unlike systemic therapies, localised therapies have limited effectiveness against metastasized cancers. However, they can instantly limit cancer or its symptoms by reducing the mass effect of tumors, and in some cases, they can cure cancer. Furthermore, localised therapies, such as surgeries, are able to remove cancers from the body which are inaccessible to certain chemotherapies, the brain for example. Despite recent and impressive advances, there are still many unmet needs in cancer therapeutics.
Coupled to revolutionary cancer therapies such as robot assisted surgery, checkpoint inhibitors and monoclonal antibodies, (10, 11) the scientific community has witnessed the renaissance of bacterium-mediated cancer therapy (BMCT) over the last two decades. (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) However, despite notable advances made in improving BMCT in recent years, most bacterial candidates have yet to attain satisfactory efficacy, effectiveness, or safety. The current but rather few therapeutic bacterial candidates are relatively limited in tumor cytotoxicity, immunogenicity, chemotacticcity, or safety. Furthermore, the possibility of an occurrence of septicemia caused by antibiotic resistance and/or the reversion of attenuated pathogenic phenotypes in these candidate bacteria are still causes for concern. Similarly, the impairment of therapeutic effectiveness due to previous bacterial immunization is also possible. As a result, the search for optimal bacterial candidates is still ongoing.
Recent advances in environmental microbiology, in particular, our understanding of microbiomes from diverse ecological niches are contributing to the interest in and the renaissance of BMCT. It is estimated that there may be 1 trillion microbial species on earth, approximately 99% of which cannot be cultured. (27) The candidate pool is therefore huge. Could it be possible that some of these microbes, including the uncultivable ones, are potential therapeutic bacterial candidates? With so many prospective candidates to consider but limited resources to screen every single bacterium, this paper aims to provide a necessary practical guide to screening and identifying bacteria with significant cancer therapeutic potential.
A brief history of bacteria-mediated cancer therapy
Although it was implicitly used prior to the nineteenth century, BMCT was only explicitly used and brought to the forefront of cancer therapeutics in 1891 by Dr. William Coley. (8, 28) Dr. Coley, a bone surgeon, used both attenuated and unattenuated mixtures of Streptococcus pyogenes and Serratia marcescens to treat sarcoma patients. In spite of his relative success in treating inoperable sarcomas, his treatments, known as Coley's toxins, were met with much skepticism due to their inconsistencies and the extent of their side effects. Also, the emergence of radiotherapy at the time provided a less controversial therapeutic option for cancer treatment. (28, 29) Despite the initial drawbacks and skepticism, research on BMCT persisted. Clostridium filtrates and spores were used in cancer treatment for the first time approximately half a century later in 1935 and 1947. (30, 31) In 1988, the very first recombinant Clostridium was developed for BCMT, (32) that was followed by the development of an auxotrophic Salmonella about a decade later in 1997. (33) The year 2002 marked a monumental milestone in the field of BMCT as the very first clinical trial in recent times was carried out. (34) Despite the limited success of the aforementioned clinical trial, the field of BMCT has generated an unprecedented amount of interest, mainly due to the abundance of potential microbial candidates and the diversity of recombinant DNA techniques being used to further explore relevant bacterial traits. (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) To facilitate BMCT research, we sought to answer the following questions in this paper: (1) what makes a bacterium a good BMCT candidate? (2) How would a good BMCT prospect be identified? (3) How can different BMCT candidates be compared? Building on previously published literature, we discuss key bacterial traits useful in screening for new or better prospects.
Tips necessary for screening promising bacteria prospects
Traditionally, cancer therapeutic bacterial screening was solely a wet lab experimental process. However, recent advances to our understanding of bacterial genomes have added a secondary dimension to the process of cancer therapeutic bacterial screening. Presently, there are over 22,000 complete bacterial genome sequences deposited in the National Center for Biotechnology Information's genome database. In silico analyses of these and other data can significantly speed up the screening for cancer therapeutic bacteria. Ideally, a good BMCT prospect should show: (1) cancer selectivity, (2) cancer cytotoxicity and/or immunogenicity, (3) limited toxicity to normal cells, and (4) stability within the human body. Although many bacteria are known to secrete a wide array of cancer cytotoxic substances, (6) little is known about the genes responsible for synthesizing and secreting these substances. Similarly, some bacteria are known to hinder tumor growth through inflammasome and effector T-cell pathways, (6) but little attention has been given to genes necessary for their cancer immunogenicity. Aside from their inherent tumor cytotoxicity and immunogenicity, bacteria can also be used as vectors for the delivery of other anti-cancer drugs as they are able to localise in hypoxic tumor regions. (6, 35) However, to make BMCT more successful, many questions need to be further addressed, including (1) what makes bacteria localise within tumors? (2) Are there niche-specific genes necessary for preferential tumor growth? (3) How can a bacterium prospect with tumor specificity, cytotoxicity, immunogenicity and stability be mined? (4) Does such a bacterium even exist naturally? Or, can it be engineered? And (5) are there better cancer therapeutic bacteria combinations that could improve patient clinical outcomes?
The rationale for further bacterial screening is embedded in the above questions and the fact that therapeutic bacterial candidates have been identified for only a few of the approximately 200 existing cancer types. In Figure 1 , we suggest a screening framework that entails mining genes important to bacterial cytotoxicity, chemotacticity, immunogenicity, and pathogenicity in currently available therapeutic bacterial candidates, followed by finding analogs or orthologs to those genes in prospect candidates. Fortunately, most present-day cancer therapeutic bacterial candidates have been sequenced and some genes pertaining to cancer therapeutics have been reported. For example, the niche-specific genes necessary for preferential growth of Salmonella typhimurium in solid tumors have been identified. (36) In light of the suggested framework, we have provided below a nonexclusive list of cancer cytotoxic bacteria reported in literature, highlighting the cancer's cytotoxic substance they produce and their synthesizing gene(s). We have also provided a list of cancer immunogenic and chemotactic bacteria, highlighting relevant genes whenever possible. It is worth noting that in currently available therapeutic bacterial candidates whose relevant gene clusters are unknown, bioinformatical methods such as gene network, probabilistic algorithms, and metagenomic islands can be used to predict gene function. (37) (38) (39) (40) Once predicted, algorithms such as BLAST can be used to identify analogs or orthologs in bacterial libraries. Our suggested framework could be valuable in advancing BMCT, especially in the current genomic era. More importantly, it could prove to be valuable to new BMCT researchers, including experienced non-BMCT researchers in possession of extensive bacterial genomic resources.
Cancer cytotoxic traits
Cancer cytotoxic traits are attributes that enable bacteria to secrete substances that are toxic to cancerous cells. Given the number of currently identified cancer cytotoxic bacteria, advancing BMCT requires identifying therapeutic bacterial candidates with better selective cytotoxicity and/or other useful cancer therapeutic traits. In view of characterizing cytotoxic gene analogs and orthologs in prospective candidates, we provided a non-exhaustive list of previously identified cancer cytotoxic bacteria, their secreted substances, the chemical nature of these substances, and their synthesizing genes ( Table 1 ). The contents of this table could be useful to researchers seeking to identify the genes responsible for the secretion of certain cancer cytotoxic substances and to those screening necessary genes for bacterial vectors. As shown in Table 1 , the main focus of this review was to demonstrate the diversity of bacteria capable of secreting anti-cancer substances. Consequently many compounds produced by Actinomycetes and their corresponding biosynthetic genes were omitted. Furthermore, although toxicities to normal cells are not shown in Table 1 , they can be referenced accordingly. We note that many bacteria with anti-cancer abilities also produce antimicrobial substances. We hereby encourage researchers working in the field of antimicrobial development to screen their current bacterial libraries for potential anti-cancer activities.
Within the context of identifying bacteria with better or new cancer cytotoxic traits, uncultivable bacteria have been under-explored and represent a huge potential source of anti-cancer substances. This is mostly attributed to our failure to reproduce important aspects of their natural environments under laboratory conditions. It has been previously shown that uncultivable microbes constitute the majority of bacterial genetic diversity in nature and could represent an important BMCT source. (41) The framework suggested in Figure 1 takes into account uncultivable bacteria; however, step 4 for uncultivable bacteria involves processes such as partial genomic digestion and cloning of functional gene fragments into appropriate vectors. Amongst other considerations, isolation and purification of metagenomic DNA from soil, fragment size selection, and choice of vector and host have been previously discussed by Dr. Robin Pettit. (41) Similar and more recent techniques such as primer restriction are also applicable to metagenomic DNA from aquatic environments. More importantly, aside from cloning functional genes belonging to uncultivable bacteria, growing uncultivable bacteria can be achieved through recent advances in bacterial culture, including co-culture with other bacteria, recreating bacterial environment in laboratories, and combining these approaches with micro-cultivation technology. (42) 
Cancer immunogenic traits
Cancer immunogenic traits are attributes that enable certain bacteria to induce human immune responses against cancerous cells. Bacteria's inherent ability to elicit the immune system makes them crucial to BMCT. Immune system stimulation within the context of cancer treatment can be achieved in several ways including: (1) inflammasome activation, (2) tumor associated macrophage repolarization, (3) tumor-associated myeloid derived suppressor cell alteration and, (4) effector T-cell responses. (6, (170) (171) (172) Of major interest to the process of cancer therapeutic bacterial screening is identifying previously studied immunogenic bacteria and genes necessary for their immunogenicity. In Table 2 , we provided a nonexclusive list of cancer immunogenic bacteria, their respective immunogen(s) and synthesizing gene(s). Furthermore, within the context of exploring uncultivable bacteria, analogous or orthologous immunogenic genes from uncultivable bacteria can be cloned into suitable vectors and tested in vivo, or grown by means of recent advances in bacterial culture. (42) Figure 1 . A four-step framework for screening and identifying bacteria with cancer therapeutic potential. Bacterial library building within the context of this review entails all procedures involved in obtaining various bacterial DNAs (prospective candidates) from diverse sources (step 1). The procedure depicted in step 2 entails identifying genes important to bacterial cytotoxicity, chemotacticity, and immunogenicity in currently available therapeutic bacterial candidates, and then identifying the analogs or orthologs of those genes in prospective candidates.
Step 3 identifies whether the prospects from step 2 are pathogenic to humans that need attenuation. Lastly, step 4 tests the prospects from step 3 in vivo and in vitro trials, including in cell lines that have not been previously investigated. IU: the amount of enzyme that liberates 1 µM; T/C: the ratio of mean survival days of the treated group divided by that of the control group; IC50: the drug concentration that inhibits biological activity by 50%; GI50: the drug concentration that inhibits the growth of cancer cells by 50%.
Traits necessary for preferential tumor growth
The most important and well explored bacterial traits for efficient BMCT are the abilities to differentiate cancerous cells from healthy cells or recognize the peculiar bacterial growth environment provided by the cancer cells. This is typically achieved by bacteria recognizing specific chemical signals emitted by cancer cells. Due to recent advances in recombinant DNA techniques, these traits have been leveraged by engineering bacterial vectors for the precise delivery of diverse anti-cancerous proteins to tumors. This has been mostly achieved by cloning genes coding for diverse anti-cancerous proteins into bacterial vectors, including those coding for immunogenic antigens, cytokines, cell cycle check-point inhibitors, antibodies, and cytotoxic agents. (186) Although bacterial vector systems are typically designed to enable the direct expression of these anti-cancerous proteins, they have also been used for bactofection or gene transfer to mammalian cancer cells. (186) Within the context of cancer therapeutic bacterial screening, we provided examples of bacteria that are currently used as vectors for the delivery of diverse anti-cancerous molecules (Table 3) . We however note that, for most of these bacterial vectors, genes responsible for preferential growth around tumor environment are either unreviewed or unknown. Advancing BMCT within the context of bacterial screening would not only entail identifying these genes in currently used vectors for the delivery of diverse anti-cancerous molecules, but also randomly screening both facultative and obligate anaerobes in order to identify new prospects with better tumor discriminatory abilities or other useful cancer therapeutic traits in addition to their tumor discriminatory abilities. This is particularly important as the future of BMCT hinges on bacteria with improved tumor discriminatory abilities. 
Pathogenic traits
The rationale for identifying bacterial pathogenic traits or genes as proposed in our four-step framework (Figure 1) , lies in the fact that pathogenicity of the candidate bacteria has been one of the major drawbacks to BMCT. Nonetheless, a significant number of bacteria strains used in BMCT are pathogenic to human. A critical consideration after the in silico screening of bacterial prospects with aforementioned traits should be that of pathogenicity. For instance, Clostridium histolyticum spores preferentially germinate in hypoxic tumor regions, making it an excellent BMCT candidate. However, Clostridium histolyticum can also produce significant amount of exotoxins consequently causing pathophysiological changes to healthy tissue and organs. (31) In an attempt to circumvent some of the issues pertaining to toxicity while maintaining their efficacy, attenuated bacterial strains with less or no toxicity are being used in BMCT. L. monocytogenes, S. typhimurium, and C. novyi are some of the well-known examples of bacterial candidates that have been attenuated to improve safety. (173, 194, 195) For example, the L. monocytogenes cancer vaccine was rendered safer by the deletion of virulence factors such as ActA and Internalin B (ΔactA/ΔinlB), leading to >1,000-fold reduction in toxicity. (173) Similarly, S. typhimurium defective in the synthesis of guanosine tetraphosphate virtually resulted in an avirulent strain. (31) Thus, within the context of advancing BMCT, identifying nonpathogenic analogs to pathogenic strains of key importance is vital to BMCT. Nonetheless, pathogenic bacterial prospects with good BMCT potential cannot be disregarded since there is always the potential for attenuation. However, if issues pertaining to attenuation reversion and septicemia are to be permanently addressed, then identifying non-pathogenic bacteria with aforementioned anti-cancerous traits must be further explored.
Conclusion and perspective
In this review we (1) highlighted bacterial traits that make them good therapeutic candidates for the treatment of cancer, (2) suggested a four-step framework that can be used to identify bacteria with good cancer therapeutic potential, including uncultivable strains, and (3) touched on quantifiable attributes such as growth inhibition, cytotoxicity to normal cells, and preferential accumulation ratio that can be used to compare and contrast important cancer therapeutic traits for BMCT.
The singular most important bacterial trait to cancer therapeutics is their ability to specifically target tumors or cancerous cells. The future of BMCT lies in being able to find bacteria that can target cancerous cells, secrete cytotoxic and/or immunogenic substances, and be tolerated and are stable in the targeted tissue and cancer environment. Recent advances in recombinant DNA techniques significantly advanced BMCT. Engineering a bacterium that targets tumors or cancerous cells, produces cytotoxic or immunogenic proteins, self-propels and responds to triggering signals, senses the local environment and produces externally detectable signals is not so far-fetched anymore. (196) However, despite the overall enthusiasm about the future of BMCT, using multi-layered genetically modified bacteria could result in stability issues. Identifying bacterial prospects with better cancer therapeutic potential, which require minimum genetic modifications, would go a long way to improve BMCT. Lastly, our analyses highlight the need to establish and standardize quantitative methods to identify and characterize bacteria with important cancer therapeutic traits.
